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ABSTRACT
Scientific modeling and systems thinking (SMST) is central to the geosciences, yet few studies
have documented how and to what extent undergraduate geoscience courses emphasize
SMST, as well as factors that might help explain or predict these trends. Here, we present
research based on data (n¼ 2056) from the most recent (2016) administration of the National
Geoscience Faculty Survey, administered to a national sample of postsecondary geoscience
instructors in the United States. We investigated instructor- and course-related variables as
they relate to a set of 9 survey items that serve as a composite measure for SMST. Significant
variation was observed in reported frequencies of individual SMST practices in undergraduate
geoscience courses. The highest levels of reported SMST were associated with faculty from
atmospheric and environmental sciences, those who emphasized research-based, student-
centered pedagogical practices, those who recently made changes to both course content
and teaching methods, and those who reported high levels of engagement in instructional
improvement activities (workshops, presentations, seminars). Reported SMST practices were
similar for faculty identifying as geoscientists and geoscience education researchers, and both
were significantly higher than for teaching-focused faculty who do not conduct research. A
linear regression model including variables found to be significant in the analyses was able to
predict 17% of the overall variance in reported SMST practices. These findings illustrate the
importance of instructors’ disciplinary orientation and active engagement in instructional
innovation as related to SMST, and provide important points of impact for enhancing SMST in
undergraduate geoscience courses through course design and faculty development.
However, the relatively modest predictive power of the regression model indicates there are
many other factors influencing SMST that warrant future research.
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Introduction
Worldwide, there continues to be a growing emphasis
on effective undergraduate teaching and learning in
science, technology, engineering, and mathematics
(STEM). Increasingly, STEM policymakers, faculty,
industry leaders, and university administrators are rec-
ognizing the importance of well-developed and effect-
ive undergraduate STEM programs in meeting the
needs of the STEM workforce and cultivating scientif-
ically literate citizens. Students in postsecondary insti-
tutions should learn the skills and concepts necessary
to be competitive in the job market and productive
members of society. To be effective in future endeav-
ors, students need to be able to analyze information,
problem solve in the context of ill-defined socio-envir-
onmental challenges, and integrate multidisciplinary
concepts in their reasoning about Earth systems
(Mosher et al., 2014). These needs suggest under-
graduate geoscience education is in an important pos-
ition to positively impact society.
A central element of effective undergraduate geo-
science teaching and learning involves scientific mod-
eling and systems thinking (SMST). As Arnold and
Wade (2015, p. 671) noted, “Systems thinking is a set
of synergistic analytic skills used to improve the cap-
ability of identifying and understanding systems, pre-
dicting their behaviors, and devising modifications to
them in order to produce desired effects. These skills
work together as a system.” Systems thinking in geo-
science education is beneficial because students learn
to think about a system from multiple viewpoints
(Danish, Saleh, Andrade, & Bryan, 2017). As students
develop geoscience understanding, the complexity of
CONTACT Cory T. Forbes cory.forbes@unl.edu School of Natural Resources, University of Nebraska–Lincoln, Hardin Hall, 3310 Holdrege Street,
Lincoln, NE 68588, USA.
Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/ujge.
 2019 National Association of Geoscience Teachers
JOURNAL OF GEOSCIENCE EDUCATION
https://doi.org/10.1080/10899995.2019.1565286
these systems can be explored with increasing depth,
demonstrating the interconnectedness of systems and
spheres of Earth. Scientific modeling is a critical com-
ponent of systems thinking that contributes to holistic
understanding in the geosciences. It involves the use
of historical data and future, empirically based predic-
tions for systems-related phenomena, each of which
temporally examines system interactions (Kastens
et al., 2009; Troy, Konar, Srinivasan, & Thompson,
2015), often with support from technological tools.
SMST approaches help to support students’ develop-
ment of robust mental models of how Earth sys-
tems interact.
However, little is known about how SMST practi-
ces are taught in undergraduate geoscience courses.
There is still a need to know more about SMST—spe-
cifically, how and why it is implemented by instruc-
tors, how often they include it in their courses, and
what types of SMST practices are most common in
undergraduate classrooms. Although studies of indi-
vidual courses or instructional interventions may pro-
vide empirical insights into SMST in geoscience
education (Forbes et al., 2018; Gunn, Mohtar, &
Engel, 2002; Williams, Lansey, & Washburne, 2009),
few efforts have attempted to document where, when,
why, and how SMST elements are being emphasized
in undergraduate geoscience courses, as well as factors
that can help explain or predict these trends. The
purpose of the present study, in which we analyze
survey data from a national sample of geoscience
faculty in the United States, is to begin to address
these questions. Specifically, we ask the following
research questions:
1. To what extent do geoscience instructors report
engaging students in scientific modeling and sys-
tems thinking?
2. What instructor- and course-level factors help
predict and explain the extent to which geo-
science instructors report engaging students in
scientific modeling and systems thinking?
Undergraduate teaching and learning in the
geosciences
Educational experiences that prepare future problem
solvers require affording all students opportunities to
learn how to think scientifically, particularly in under-
graduate classrooms (National Research Council
[NRC], 2012), including the geosciences. Over the last
half-century, geoscience education has undergone sig-
nificant change in its purpose and organization
(Libarkin, 2006; Tewksbury et al., 2013). Historically,
geoscience education was designed primarily to
develop future geoscientists. However, given the
inherent opportunities it affords students to engage in
evidence-based reasoning about Earth systems
(Somerville & Bishop, 1997; Tewksbury et al., 2013),
geoscience education also plays an important role in
helping students develop scientific literacy. With
increasing emphasis on teaching and learning in the
geosciences and the development of geoscience educa-
tion research (GER) as a field of inquiry in recent
decades, geoscientists and geoscience educators are
more strongly positioned than ever to efficiently and
effectively evaluate and assess the efficacy of teaching
and learning practices on these two parallel outcomes
of geoscience education.
Beginning in the early 2000s, purposeful efforts
have been made to define target outcomes of geo-
science education. Partnerships between various
organizations—including the National Science
Foundation, the National Oceanic and Atmospheric
Administration, the American Association for the
Advancement of Science, the Earth Science Literacy
Initiative, and the U.S. Department of Energy, among
others—have contributed to the development of
standards, principles, and frameworks for general
Earth science literacy (Earth Science Literacy
Initiative, 2010), climate literacy (U.S. Global Change
Research Program [U.S. GCRP], 2009), and energy lit-
eracy (U.S. Department of Energy [U.S. DoE], 2012).
In each of these documents, SMST is prioritized as a
core experience and outcome for learners at all levels,
including undergraduate geoscience education. In the
Earth Science Literacy Principles (Earth Science
Literacy Initiative, 2010), for example, SMST is central
to the definition of Earth science literacy, in which
“an Earth science-literate person understands funda-
mental concepts of Earth’s many systems” (Earth
Science Literacy Initiative, 2010, p. 2). They also
emphasize the need for students to “construct and
refine computer models that represent the climate sys-
tem” (U.S. GCRP, 2009) and “think in terms of energy
systems” (U.S. DoE, 2012). The development of
these documents instantiates and enhances the
importance placed on SMST within the context of
geoscience education.
The landscape of geoscience education is changing
in parallel with broader undergraduate STEM educa-
tion reform efforts in the United States (NRC, 2012).
Not only are geoscientists in academia expected to do
impactful scientific research but, in order to remain
competitive and relevant, they must also engage in
innovative instruction (Somerville & Bishop, 1997).
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However, educators need help finding and learning to
use best practices in geoscience education. As such,
geoscience instructors are increasingly participating in
professional development opportunities to develop
new skills that enhance geoscience education
(Manduca et al., 2017). However, the reach and
impact of these opportunities is not evenly distributed.
For a variety of reasons, some instructors engage in
these opportunities with greater frequency than others
(Libarkin & Anderson, 2005; Macdonald, Manduca,
Mogk, & Tewksbury, 2005). Despite the literature and
resources available to geoscience instructors, more
work is needed to understand which instructional
strategies are most beneficial to students.
Understanding the use of SMST practices by instruc-
tors and the associated impacts on student learning is
one area that warrants further study.
Scientific modeling and systems thinking
Scientific modeling and systems thinking are two
interrelated practices and “habits of mind” central to
the geosciences and geoscience education. Systems
thinking is the study of the interplay between the sub-
systems comprising an overall system (Bawden,
Macadam, Packham, & Valentine, 1984; Scherer,
Holder, & Herbert, 2017). Systems thinking involves
the explicit description of the system as a whole and
the links between its constituent parts and processes
(Arnold & Wade, 2015). Processes occur simultan-
eously through both large- and small-scale interactions
and feedbacks (Assaraf & Orion, 2005). Learning how
to think about the interactions between systems, the
far-reaching effects of a system, and the dynamic
nature of systems are all ways to demonstrate scien-
tific literacy. Both are core components of the work of
geoscientists and critical outcomes for undergraduate
STEM education, particularly in the geosciences.
A primary mechanism to investigate systems is
through models. Scientific models are inherently sim-
plified versions of complex systems. Modeling is a
way in which students can both learn to make predic-
tions based on evidence and communicate their
understanding of a phenomenon (Baumfalk et al., in
press; Schwarz, et al. 2009). Contemporary science,
and particularly geoscience, is heavily reliant on com-
puter-based models to support research on complex
systems, and overlapping components of socioscien-
tific issues makes modeling more difficult (Troy,
Konar, Srinivasan, & Thompson, 2015). However,
models do offer the opportunity to hypothesize and
experiment with varying outcomes of a model in the
pursuit of a suite of potential solutions. Research sug-
gests there are a number of ways to help students suc-
ceed in the use of computer-based models. Students
have reported the presence of an instructor as benefi-
cial even if they are working in groups on a modeling
problem (Zigic & Lemckert, 2007). Students have
expressed interest in computer-based models and
reported that they add to understanding of complex
processes, describing them as useful; they also have
reported that participation in class and the skill of the
instructor are key components to computer-based
model learning (Williams, Lansey, & Washburne,
2009). Instructors have an important role to play in
developing student modeling skills, despite students’
seeming familiar with technology overall. Learning
SMST practices is a valuable way to help students
transition from learning facts to generating new ideas
and solutions to problems.
There are several concrete ways instructors can help
students develop systems thinking skills. Spending time
discussing not only the mechanisms and patterns sur-
rounding components but also the scale of certain fea-
tures helps students make systems thinking connections
(Hmelo-Silver et al., 2017; McNeal, Miller, & Herbert,
2008). Sometimes it is difficult for students to concep-
tualize how all of the components of a system might be
connected or the ways in which seemingly disparate
components are connected, including in the geosciences
(Macdonald, Manduca, Mogk, & Tewksbury, 2005).
The more instructors engage students in discussion
about areas of difficulty, the more detail they will be
able to include in their systems thinking models. Not
every cause and effect will have the same impact on a
system, so instructors explicitly teaching students to
evaluate the size of the impact and the range of likely
effects of an interaction can help increase precision in
students’ model development. Instructors can provide
opportunities for discussing and learning how mecha-
nisms or processes can be transferred from one compo-
nent to another component within a system; this type
of thinking will increase the complexity and accuracy
of student systems models (Hmelo-Silver et al., 2017).
The ways instructors can help students increase SMST
skills are known, but gaps still exist in the “how” and
“to what extent” this set of important practices is
emphasized in undergraduate geoscience courses.
Methods
Survey instrument
This study is based on data from the 2016 administra-
tion of the National Geoscience Faculty Survey.
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The survey was designed by a research team involving
leadership from the National Association of
Geoscience Teachers (NAGT) along with three
National Science Foundation (NSF)-funded profes-
sional development projects (On the Cutting Edge,
InTeGrate, and SAGE 2YC). This survey—as well as
earlier versions administered in 2004, 2009, and
2012—is publically available. Data derived from the
first three distributions of the Geoscience Faculty
Survey were reported by Macdonald and colleagues
(2005) and Manduca and colleagues (2017). The 2016
survey, which provided information about under-
graduate geoscience course instructors and course
characteristics, had open response and Likert-style
questions which probe instructor teaching and learn-
ing practices from general strategies to specific
actions, as well as demographic info about respond-
ents. The survey consisted of 209 questions, with a
median completion time of 14.4minutes. Respondents
answered questions about their (a) disciplinary focus,
teaching background, and institution; (b) introductory
level course teaching strategies; (c) major teaching; (d)
learning new teaching methods, active learning strat-
egies included, and course changes; (e) communica-
tion within the geosciences community and their
reasons for attending teaching workshops; and (f) use
of online resources, articles published, and conference
presentations. Respondents provided information
about the year in which they received their terminal
degree, how many years they had been teaching at the
postsecondary level, their position title, and how
many courses they taught. In terms of their course,
they were asked about how many students the course
served, its format (i.e., face-to-face vs. online), if they
had instructional support in the form of teaching
assistants, and if there was a lab section associated
with the course.
The focus of this study is on opportunities in
undergraduate geoscience courses for students to
engage in SMST practices. The survey included a set
of nine items in which respondents were asked to
identify one or more sets of practices in which they
engaged students in their courses through “yes” or
“no” responses. Practices included (a) discussion of
changes in a system, (b) feedback loop analysis, (c)
system mapping, (d) exploration of systems with com-
puter models, (e) building predictive models, (f) dis-
cussions of implications and predictions, (g)
discussions of scale and interactions, (h) distinguish-
ing current processes and results of history, and (i)
description of system parts and relationships. These
nine items serve as the measure for the outcome vari-
able of interest in this study—SMST.
Sampling
The 2016 survey was administered to a set of respond-
ents based on a national sample of geoscience faculty.
The target population was identified from publicly
available records and membership lists associated with
relevant U.S. geoscience departments at two- and
four-year institutions (community colleges, liberal arts
colleges, and research-intensive universities), profes-
sional communities, geoscience education listservs
maintained by SERC, and previous and current geo-
science education projects serving postsecondary geo-
science faculty, including On the Cutting Edge
(n¼ 10,910). Full-time faculty, adjunct faculty,
instructors, and lecturers were eligible for surveying.
Individuals included in the sample met the require-
ments of actively teaching postsecondary geoscience
courses and having legitimate, functioning email
addresses. From these resources, a sample of 9,596
geoscience faculty members were identified as eligible.
The participants included members of the American
Geological Institute, SERC Cutting Edge participants,
Geosciences Two-Year College list, SAGE Two-Year
College List, SERC Early Career List, and meteor-
ology faculty.
Data collection and analysis
From this sample, 200 randomly selected individuals
were contacted via email and invited to participate in
a pilot administration of the 2016 survey, of which 33
individuals responded. The results from the pilot sur-
vey were used to modify wording of some of the sur-
vey items to be sent to the remaining 10,910
individuals. After the pilot, the remaining individuals
in the sample were invited to complete the survey. All
individuals received email copies of the survey, were
contacted up to four times to complete the survey,
and those completing the survey did so electronically.
Of these potential participants, 27.3% (n¼ 2615) of
the 9,596 eligible individuals answered one or more
questions on the survey. The findings reported here
are based on the sample of respondents who com-
pleted all items used as data for this study (n¼ 2056),
a response rate of 21.4%. Respondents were primarily
from research/doctoral and master’s institutions.
However, the response rate was lowest among
research/doctoral institutions and highest among all
other institution types. Fewer individuals in the
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sample population described their disciplinary focus
as oceanography or atmospheric science than geology,
which accounted for 81% of the sample. Demographic
characteristics of respondents are presented in
Appendix A.
The survey dataset was compiled and imported
into SPSS software for statistical analyses. We used
inferential statistical methods to evaluate relationships
between the outcome of interest—reported SMST
practices in undergraduate geoscience courses—and a
variety of other faculty- and course-level variables, as
reported by respondents in the survey. Standard para-
metric tests rely on the underlying assumptions of
normal distribution and equal variances (or standard
deviation) for the variables subject to analysis. Here,
the distribution of scores for our outcome variable of
interest (SMST) exhibited both skewness (.16) and
kurtosis (–.62) values falling between –1 and 1, indi-
cating scores were normally distributed. Therefore, the
utilized correlation, t-tests, and ANOVA to assess
relationships between variables from the survey data.
Pearson correlations were conducted to assess the
strength and direction of relationships between two
variables from the same individuals for analyses
within groups. Reported correlation (r) values fall
between –1 and 1 and indicate the extent to which
two variables are linearly related within a single sam-
ple or group. Additionally, t-tests and ANOVAs (with
Tukey’s post hoc tests) were conducted to compare
mean SMST scores and subscores between groups of
survey respondents. The t-test and one-way analysis
of variance (ANOVA) are appropriate tests for com-
paring mean of variables involving two or more
groups. A t-test is used to assess whether the means
of two groups are statistically different from each
other. The t-statistic is the ratio of mean difference
and standard errors of the mean difference t-test. For
a comparison of more than two group means, the
ANOVA is the appropriate method of analysis. The F
ratio is the ratio of mean square values in which the
larger the F ratio, the larger the difference in variation
between the groups tested for a given variable.
Tukey’s post hoc tests are then run on individual pair-
ings of groups used in the ANOVA to establish statis-
tically significant differences between the individual
groups. Through these analyses, we observed that
most instructor-level factors and course-level factors
identified in the survey were not related to the SMST
course elements reported by respondents. However,
instructor-level and course-level factors that exhibited
statistically-significant relationships with the outcome
of interest—SMST course elements—are summarized
in Table 1.
Based on these analyses, a multiple regression
model was constructed to investigate the extent to
which instructor- and course-level variables identified
as significant through t-tests, ANOVAs, and correla-
tions predict reported SMST elements in undergradu-
ate geoscience courses. A multiple linear regression is
used to model the relationship between two or more
independent, or predictor, variables and a single,
dependent variable by fitting a linear equation to
Table 1. Survey items and independent variables associated with reported scientific modeling and
systems thinking course elements.
Variable Description
20_COMP SMST course elements
S16_1 Geoscience subdiscipline of faculty respondent
S16_25_COMP Number of changes made to course content in past two years
S16_27_COMP Number of changes made to teaching methods in past two years
PRESENTRESEARCHR Number of meetings presented scientific research within the past two years
NUMPUBLISHR Number of articles about research published in the past two years
TALKCONTENT Frequency of conversation with colleagues about course content over the
past two years
ATTENDTEACHTALKSR_2 Number of talks on teaching methods, other topics related to science educa-
tion, or geoscience education attended in the past two years at profes-
sional meetings, on campus, or at other venues
ATTENDWRKSHPR Number of workshops related to improving teaching attended in the past
two years
PRESENTTEACH Number of presentations of research on teaching methods or student learn-
ing at meetings within the past two years
NUMARTICLES Number of articles published about educational topics within the past
two years
TRADLECb Frequency of use of traditional lecture
LECDEMOb Frequency of use of demonstration
INDIVQUESTb Frequency of use of individual student questions
ALLQUESTb Frequency of use of asking whole-class questions
SMALLGRPDISb Frequency of use of small-group discussion
WHOLEGRPDISb Frequency of use of whole-class discussion
INCLASSb Frequency of use of in-class assignments
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observed data. It provides an R2 value (between 0 and
1), which represents the percentage of variance in the
dependent variable explained by the predictor varia-
bles used in the model. The objective of these analyses
is to infer probabilities that statistically significant
relationships observed in this population would be
predictive of those in the broader population of
undergraduate geoscience instructors. Consistent with
the purpose of multiple linear regression, these results
explain the strength of the relationship between pre-
dictor variables and the outcome variable of interest
(SMST), as well as how increasing values of predictor
variables would help predict increasing SMST in
undergraduate geoscience courses. All analyses
involved two-tailed tests with significance at the p <
.05 level and Cohen’s d as the reported measure of
effect size. Means (M) and standard deviations (SD)
are reported as descriptive statistics for variables
of interest.
Results
Overview of results
In the sections that follow, we present results from
analysis of the survey data to address our research
questions. Overall, primary findings are summarized
as follow:
 On average, geoscience faculty members reported
including fewer than four SMST practices in their
undergraduate classes.
 SMST practices are more commonly emphasized in
courses for geoscience majors than for nonmajors,
but only slightly.
 Faculty from atmospheric science/meteorology,
environmental sciences, and hydrology reported
emphasizing the most SMST practices, whereas
those from geology reported the fewest.
 Faculty who reported being significantly engaged
in instructional innovation (course revisions,
attuned to research and best practices in geoscience
education, and seeking out instructional support)
and identify with a community of geoscience edu-
cators reported more emphasis on SMST practices
than those who did not.
 These variables account for approximately 17% of
the observed variance in reported SMST practices
emphasized in undergraduate geoscience courses.
Reported scientific modeling and systems thinking
course elements
In Research Question 1, we asked, “To what extent do
geoscience instructors report engaging students in sci-
entific modeling and systems thinking?” To address
this question, we analyzed frequencies with which sur-
vey respondents reported SMST elements in their
undergraduate geoscience courses. Response frequen-
cies for the nine (n¼ 9) survey items that comprised
the composite SMST scale are presented in Table 2.
As shown in Table 2, there was variation in how
frequently these course elements were reported by sur-
vey respondents. The most commonly reported course
element was describing a system in terms of its parts
and relationships (Item 9), with over 60% of survey
respondents reporting emphasizing this element as a
part of their course. At the low end of the continuum,
only 20% survey respondents reporting using com-
puter models to explore systems behavior (Item 4).
The frequencies for the remaining items fell some-
where between these two ends of the range of
reported SMST practices. Standard deviations for
these items ranged between .4 and .5, with a majority
between .45 and .5.
To generate a single, composite score for our out-
come variable of interest—SMST course elements—we
summed scores for the nine items in Table 2. This
composite SMST score, with a range of 0 to 9, pro-
vides an overall measure of reported opportunities for
students to engage in SMST in undergraduate geo-
science courses. To address reliability and validity of
the composite score, or scale, we conducted principal
component and Monte Carlo simulations, which con-
firmed that the nine items represented a single factor.
Reliability analyses show this scale to have moderate
Table 2. Frequencies of reported scientific modeling and systems thinking course elements.
Item Are there elements in your course that enable your students to: Percentage (%) SD
1 Discuss a change that has multiple effects throughout a system 54 .50
2 Analyze feedback loops 34 .47
3 Make systems visible through causal maps 26 .44
4 Explore systems behavior using computer models 20 .40
5 Build predictive models 22 .41
6 Discuss relationship between implications and predictions 42 .49
7 Discuss complexity of scale and interactions 59 .49
8 Distinguish outcomes of current processes from results of prior history 42 .49
9 Describe a system in terms of its parts and relationships 64 .48
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to high internal consistency (Cronbach’s a ¼ .68). As
such, the nine items are treated as a single reliable
factor for composite SMST score in the analyses that
follow. Overall, survey respondents reported a mean
of 3.61 SMST course elements in their classes
(SD¼ 2.22). Nearly 50% of respondents reported three
or fewer course elements supporting scientific model-
ing and systems thinking, whereas only 10% reported
seven or more. A frequency distribution for respond-
ents’ composite SMST course elements is shown in
Figure 1.
Reported SMST course elements
In Research Question 2, we asked, “What instructor-
and course-level factors help predict and explain the
extent to which geoscience instructors report engaging
students in scientific modeling and systems thinking?”
In the sections that follow, we describe instructor-
and course-level variables for which statistically
significant relationships were observed in the
2016 survey.
Course components and SMST
Respondents were asked whether they had made
changes to the content and teaching methods in their
courses within the past two years. For those who
reported making such changes to either content and/
or teaching methods, they then responded “yes” or
“no” to a set of 10 additional items describing types
of changes they might have made to course content
and teaching methods. Findings from analysis of these
survey items suggest that changes made to the content
and teaching methods in geoscience courses, as well
as the extent of those changes, were positively associ-
ated to the opportunities afforded students to engage
in SMST in these courses. A higher number of
respondents reported making changes to course con-
tent and teaching methods than those who did not,
meaning a majority of respondents indicated changing
aspects of their courses in the recent past. As shown
in Table 3, those instructors who reported making
more changes to course content also tended to make
more changes to their teaching methods. Additionally,
for those who reported making these changes, the
number of changes made was positively correlated to
the use of SMST course elements, for both course
content and teaching methods. Overall, the more
instructors were actively modifying the content taught
in their courses, as well as their approaches to teach-
ing it, the more SMST opportunities they reported for
students in their courses, as shown in Table 4.
Composite Score - Scientific Modeling and Systems Thinking (SMST)
9876543210
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Figure 1. Frequencies of composite score for reported scientific modeling and systems thinking course elements.
Table 3. Correlations between changes to course content,
changes to teaching methods, and SMST.
Variables 1 2 3
1. Changes to course content –
2. Changes to teaching methods .45 –
3. SMST .36 .21 –
p < .05; p < .01; p < .001.
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Respondents were asked to identify whether their
undergraduate course was an introductory course for
students majoring in a geoscience degree program or
an introductory course for a broader population of
students. Those who completed the survey in respect
to an undergraduate course they taught for geoscience
majors reported including more SMST elements in
their courses than those teaching introductory courses
for nonmajors, as shown in Table 5.
Disciplinary profile and SMST
In the survey, respondents were asked to characterize
their geoscience subdisciplinary orientation into one
of the following categories: (a) geology or geophysics,
(b) oceanography or marine sciences, (c) atmospheric
science or meteorology, (d) geoscience education/sci-
ence education, or (e) other (please specify). For the
other category, respondents could include a brief
description of their disciplinary focus within the geo-
sciences. Respondents who selected the other category
identified primarily as environmental science, hydrol-
ogy and hydrogeology, geography, soil science, or geo-
chemistry faculty. Overall, findings suggest
respondents from the atmospheric sciences, meteor-
ology, and other self-classified categories (e.g., envir-
onmental science, hydrology) reported engaging
students in more SMST course elements than did
instructors from geology, oceanography, and geo-
science education, F(4, 2050) ¼ 13.5, p ¼ .009. Mean
SMST scores by subdiscipline are shown in Figure 2.
Post hoc comparisons indicated that the mean score
for atmospheric science or meteorology had the high-
est reported number of SMST course elements and
was significantly different than the geology or geo-
physics category, which had the fewest number of
SMST course elements. The mean score for other was
the second highest and was also significantly different
than the geology or geophysics category. The oceanog-
raphy or marine sciences and geoscience education/
science education did not significantly differ from
each other or the other categories. A student in a
course taught by an instructor from atmospheric sci-
ence, meteorology, environmental science, or hydrol-
ogy would be significantly more likely to experience
SMST course components than a student in a geol-
ogy/geophysics course.
Faculty teaching profile and SMST
A set of analyses was conducted on survey items and
composite variables focused on respondents’ overall
engagement in activities associated with the improve-
ment of undergraduate instruction. In general,
respondents who reported a higher level of engage-
ment in undergraduate geoscience teaching and
instructional innovation generally reported more
opportunities for students to engage in SMST practi-
ces in their courses. These findings suggest that
instructors with significant levels of engagement in
professional development experiences focused on
undergraduate geoscience teaching report more SMST
opportunities for students in their courses than do
other faculty. For example, respondents were asked
two questions about the number of (a) geoscience
teaching presentations and (b) workshops they had
attended in the past two years: (0) none, (1) one or
two, (2) three or four, (3) five of six, (4) seven or
eight (5), nine or 10, (6) 11 or more. Respondents
who reported attending presentations, F(6, 2003) ¼
4.09, p < .001, and workshops, F(5, 1996) ¼ 4.77, p <
.001, on geoscience teaching methods and/or student
learning at a professional conference in the past two
years also reported incorporating more SMST ele-
ments into their courses than those respondents who
had not attended presentations on geoscience teaching
Table 4. Results of t-tests and descriptive statistics for SMST by changes to course content and teaching methods.
Outcome
Group
95% CI for mean difference t df d
Changes No changes
M SD n M SD n
SMST (course content) 3.75 2.22 1585 3.13 2.14 432 .848, .379 5.13 2015 .28
SMST (teaching methods) 3.78 2.21 1128 3.42 2.21 885 .549, .160 3.58 2011 .16
p < .001.
Table 5. Results of t-tests and descriptive statistics for SMST by course audience (geoscience majors or nonmajors).
Outcome
Group
95% CI for mean difference t df d
Majors Nonmajors
M SD n M SD n
SMST 3.73 2.25 1024 3.5 2.2 1032 .427, .043 2.4 2054 .1
p < .001.
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topics (see Table 6). For those respondents who
reported attending presentations and/or workshops,
there is evidence that attending more was associated
with higher reported SMST than only attending a few.
Post hoc comparisons indicated that those instructors
who attended nine or more presentations on geo-
science teaching reported higher implementation of
SMST course elements than those who had attended
only one or two teaching presentations. Similarly, they
show that those respondents who attended nine or
more workshops on geoscience teaching reported
higher implementation of SMST course elements than
those who had attended only one or two teach-
ing workshops.
Finally, respondents were asked how strongly they
affiliated with a community of geoscience educators
with shared goals, philosophies, and values for geo-
science education: (1) not at all, (2) to a little extent,
(3) to some extent, or (4) to a great extent. Findings
suggest that those geoscience faculty members who
identify with a community of geoscience educators to
at least a moderate degree report more SMST course
elements than those who do not, F(3, 1996) ¼ 13.2,
p < .001. Post hoc comparisons indicated that
respondents who identified with a community of geo-
science educators to a great extent reported more
SMST course elements than did respondents who
reported identifying with a community of geoscience
educators to some extent, to a little extent, or not at
all. Respondents who reported identifying with a com-
munity of geoscience educators to some extent also
reported more SMST course elements than did those
reporting the lowest two categories. No statistically
significant difference was observed between the two
groups that reported identifying with a community of
geoscience educators to the least extent. The stronger
an instructor’s sense of identity as part of the geo-
science education community, the more SMST course
components he or she report in his or her under-
graduate geoscience courses.
Geoscience Sub-Discipline
OtherGeoscience/Science
Education
Atmospheric Science 
or Meteorology 
Oceanography or 
Marine Sciences 
Geology or 
Geophysics
M
ea
n 
SM
ST
 S
co
re
4.5
4.0
3.5
3.0
Figure 2. Mean scientific modeling and systems thinking course elements reported by instructors from geoscience subdisciplines.
Table 6. Results of t-tests and descriptive statistics for SMST by attendance at presentations of geo-
science teaching.
Outcome
Presentations on geoscience teaching
95% CI for mean difference t df d
Attended Did not attend
M SD n M SD n
SMST (presentations) 4.12 2.21 471 3.48 2.20 1525 .409, .863 5.49 1994 .30
SMST (workshops) 4.10 2.20 589 3.43 2.18 1420 .363, .932 5.12 2009 .28
p < .001.
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In Manduca and colleagues’ (2017) article analyzing
results of previous administrations of the survey, the
following items from Table 3 were used to identify
subgroups of faculty based on factor analyses:
1. Number of meetings presented scientific research
within the past two years;
2. Number of articles about research published in
the past two years;
3. Frequency of conversation with colleagues about
course content over the past two years;
4. Number of talks on teaching methods, other
topics related to science education, or geoscience
education attended in the past two years at pro-
fessional meetings, on campus, or at other venues;
5. Number of workshops related to improving teach-
ing attended in the past two years;
6. Number of presentations of research on teaching
methods or student learning at meetings within
the past two years; and
7. Number of articles published about educational
topics within the past two years.
They identified three groups of respondents who
differed in their teaching and research roles, participa-
tion in teaching-related professional development, and
self-described instructional identities. These faculty
groups (Manduca et al., 2017, pg. 3) were as follow:
1. geoscience education-focused faculty, who
reported significant activity related to improving
teaching (their own and/or others);
2. geoscience research-focused faculty, who reported
significant geoscience research activity; and
3. teaching faculty, who reported lower levels of
activity in both geoscience research and activity
related to improving teaching.
Consistent with Manduca and colleagues’ (2017)
previous study, education-focused faculty made up the
smallest percentage (18%) of respondents, whereas
teaching faculty were the largest group (43%), with
geoscience research-focused faculty comprising 39% of
respondents in the 2016 survey.
Findings show that reported SMST course elements
vary by faculty group, F(6, 2009) ¼ 16.5, p < .001.
Post hoc comparisons indicated that teaching faculty
reported fewer SMST course elements than both
education-focused and geosciences-research-focused
faculty. Although education-focused faculty reported
slightly more SMST course elements than did geoscien-
ces research-focused faculty, this observed difference
was not statistically significant. These results indicate
that both geoscience education- and geosciences
research-focused faculty reported incorporating equiva-
lent SMST opportunities for students in their courses,
and both groups do so more than teaching faculty.
Instructional Profiles and SMST. A set of analyses was
also conducted on survey items and composite varia-
bles focused on respondents’ reported teaching practi-
ces. In general, respondents who reported greater use
of research-based STEM instructional practices (i.e.,
active learning) as opposed to more traditional teach-
ing methods also reported more opportunities for stu-
dents to engage in SMST practices in their courses.
Respondents answered a series of items regarding
the extent to which they used particular forms of
instruction in their classes as (1) never, (2) once, (3)
several times, (4) weekly, or (5) every class. Overall,
findings suggest that those geoscience instructors who
reported using more research-based, student-centered
instructional approaches more frequently also
reported more SMST course elements in their
courses. Post hoc comparisons indicated that
respondents using lecture in every class period
reported fewer SMST course elements than those who
reported never using lecture, as well as those who
reported using lecture weekly or several times, F(4,
1936) ¼ 7.16, p < .001. Similarly, post hoc compari-
sons indicated that respondents who reported never
using small group discussion also reported fewer
SMST course elements than those who used this
instructional strategy at all, including only occasion-
ally, F(4, 1925) ¼ 19.7, p < .001. Respondents who
reported using small group interactions weekly
reported the most SMST course elements in their
course. Instructors who reported spending a greater
percentage of class time on student activities, ques-
tions, and discussion (r¼ 0.132, n ¼ 2033, p < .001)
also reported incorporating more SMST course ele-
ments in their courses. Although a modest correl-
ation, it does contribute to cumulative evidence from
the survey data suggesting a positive relationship
between student-centered instruction and SMST
opportunities for students in geoscience courses.
In Manduca and colleagues’ (2017) article analyzing
results of previous administrations of the survey, the
following items from Table 3 were used to identify
subgroups of faculty based on factor analyses:
1. frequency of use of traditional lecture,
2. frequency of use of demonstration,
3. frequency of use of individual student questions,
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4. frequency of use of asking whole-class questions,
5. frequency of use of small-group discussion, and
6. frequency of use of whole-class discussion.
7. Frequency of use of in-class assignments
They identified three groups of respondents who
differed in their teaching styles. These faculty groups
(Manduca et al., 2017, pg. 3) were as follow:
1. Active learning: Faculty reported frequent use of
small group discussion, whole-class discussion, or
in-class exercises with or without the use of any
other methods.
2. Active lecturing: Faculty reported frequent use of
demonstrations and/or posing questions with or
without traditional lecture.
3. Traditional lecturing: Faculty reported infrequent
use of strategies other than traditional lecture
Consistent with Manduca and colleagues’ (2017)
previous study, faculty classified as active learning
made up the largest percentage (60%) of respondents,
whereas those classified as traditional lecture were the
smallest (11%). Also, 29% of respondents were classi-
fied as active lecturing in the 2016 survey.
Findings show that reported SMST course elements
vary by faculty teaching profiles, F(2, 1962) ¼ 38.4,
p < .001. Post hoc comparisons indicated that geo-
science faculty characterized as active learning
reported more SMST course elements than did both
faculty identified as active lecturing and traditional
lecturing. Additionally, faculty identified as active lec-
turing reported more SMST course elements than did
those identified as traditional lecturing. Overall, these
findings suggest that geoscience instructors who were
using more active learning strategies also reported
providing students more opportunities to engage in
SMST, and that these opportunities increased in con-
junction with the respondents’ reported use of stu-
dent-centered instructional strategies.
A predictive model for reported SMST
course elements
The results presented thus far illustrate relational
trends in the 2016 survey data for both survey
respondents and the courses they taught in respect to
reported SMST course elements. These results suggest
that both education- and research-focused faculty
using active learning strategies report including the
greatest number of SMST course elements in their
courses. There are few observed differences between
these two groups, except for those who fall into the
traditional lecturing category, for which education-
focused faculty report more SMST course elements
than geoscience research-focused faculty. In contrast,
teaching faculty of all types of instructional profiles
report including the fewest SMST course elements.
These results are summarized in Figure 3.
Given these statistically significant associations, we
sought to develop a predictive model for SMST course
elements in undergraduate geoscience courses. A
standard multiple regression analysis was conducted
to evaluate how well instructor- and course-based var-
iables predicted respondents’ reported emphasis on
SMST course elements in undergraduate geoscience
courses. Covariates include independent variables dis-
cussed in previous sections as associated with the
Faculty Group
Geoscience Research-
Focused
Education-FocusedTeaching-Focused
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Traditional Lecture
Active Lecture
Active Learning
Teaching Style
Figure 3. Composite mean SMST score for teaching style categorized by faculty types.
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outcome variable of interest (SMST course elements),
including respondents’ subdiscipline, and number of
changes to both course content and teaching methods,
and those that comprised categories for both faculty
type and teaching style identified in Manduca and col-
leagues’ (2017) study. Of the 17 predictor variables
included in the regression model, 10 had a significant
(p < .01) zero-order correlation with SMST and sig-
nificant (p < .05) partial effects in the full model. A
zero-order correlation means there were no control
variables among SMST and the 17 predictor variables.
Partial effects are the statistical result of holding one
variable constant to determine if it is a potential cause
of correlation between other components. The esti-
mated intercept for SMST course elements (b ¼
1.252) indicates the expected number of SMST course
elements for a survey respondent with average scores
on these 17 predictor variables. The model was able
to account for 17% of the variance in reported SMST
course elements, F(9, 2010) ¼ 21.12, p ¼ .007, R2 ¼
.17, 95% CI [.69, 2.3]. The results of the regression
are presented in Table 7 and in Appendix B.
The model illustrates the predictive power of varia-
bles already identified in these analyses as associated
with reported SMST course elements. Variables that
were most strongly predictive of SMST course ele-
ments revolve directly around reporting and imple-
mentation of classroom instruction. These include
respondents’ presentations of research on geoscience
teaching and learning (10%), as well as reported
instructional practices, such as student questions (8%)
and the use of small-group (10%) and whole-class
(9%) discussion. Collectively, a 1-unit increase to each
of these variables resulted in a 1.23-unit increase in
reported SMST scores, highlighting the particular
importance of these variables underlying both faculty
type and instructional style profiles. Other variables—
such as geoscience subdiscipline (2.5%), number of
changes to course content (2%) and teaching (2%),
and frequencies of conversations with colleagues about
teaching (4.5%)—were also shown to be statistically
significant predictors of reported SMST course ele-
ments, but to a lesser degree. However, not all varia-
bles that comprised the faculty type and instructional
style profiles were shown to predict reported SMST
course elements. Presentations of research at confer-
ences, attendance at teaching presentations or work-
shops, and publishing articles on teaching methods
Table 7. Results of multiple linear regression for predictors of reported SMST course elements in undergraduate geoscience
courses (n¼ 2056).
Variable Description b Std. Error t p
(Constant) SMST course elements 1.252 .348 3.601 .000
S16_1 Geoscience subdiscipline of fac-
ulty respondent
.171 .031 5.558 .000
S16_25_COMP Number of changes made to course content
in past two years
.258 .026 10.104 .000
S16_27_COMP Number of changes made to teaching
methods in past two years
.063 .027 2.343 .019
PRESENTRESEARCHR Number of meetings presented scientific
research within the past two years
.049 .030 1.670 .095
NUMPUBLISHR Number of articles about research published
in the past two years
.069 .025 2.701 .007
TALKCONTENT Frequency of conversation with colleagues
about course content over the past
two years
.200 .056 3.546 .000
ATTENDTEACHTALKSR_2 Number of talks on teaching methods, other
topics related to science education, or
geoscience education attended in the
past two years at professional meetings,
on campus, or at other venues
.027 .034 .805 .421
ATTENDWRKSHPR Number of workshops related to improving
teaching attended in the past two years
.010 .041 .254 .800
PRESENTTEACH Number of presentations of research on
teaching methods or student learning at
meetings within the past two years
.372 .126 2.950 .003
NUMARTICLES Number of articles published about educa-
tional topics within the past two years
.020 .083 .245 .807
TRADLECb Frequency of use of traditional lecture .088 .120 .726 .468
LECDEMOb Frequency of use of demonstration .125 .102 1.224 .221
INDIVQUESTb Frequency of use of individual stu-
dent questions
.252 .100 2.519 .012
ALLQUESTb Frequency of use of asking whole-
class questions
.119 .111 1.070 .285
SMALLGRPDISb Frequency of use of small-group discussion .237 .121 1.949 .051
WHOLEGRPDISb Frequency of use of whole-class discussion .441 .110 3.993 .000
INCLASSb Frequency of use of in-class assignments .021 .109 .194 .846
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were not observed to predict reported SMST course
elements. More teacher-centered instructional
approaches—such as lecture, demonstration, and
instructor questioning—were also not observed to pre-
dict reported SMST course elements. Overall, results
from this model provide a profile of geoscience faculty
using research-based teaching methods in their
courses and actively disseminating their work to col-
leagues as most predictive of emphasizing SMST in
their undergraduate courses.
Summary of results
Overall, results illustrate average levels of SMST
course elements reported by geoscience faculty mem-
bers teaching undergraduate geoscience courses, as
well as which are most commonly emphasized and by
whom. Respondents who are actively revising the con-
tent and teaching in their courses, attending work-
shops and presentations on effective instruction,
reading geoscience education research, and using
more reform-based instructional strategies in their
classrooms generally report a stronger emphasis on
SMST practices in their courses. These trends are
slightly stronger in courses for geoscience majors and
are consistent for both education- and research-
focused faculty members, particularly in geoscience
subdisciplines of atmospheric science, meteorology,
environmental sciences, and hydrology. Collectively,
these factors help account for less than 20% of the
variation expected in reported SMST practices empha-
sized by geoscience faculty teaching undergraduate
geoscience courses, suggesting that one or more other
factors are responsible for the remaining differences
in SMST in undergraduate geoscience courses.
Discussion
Introductory STEM courses are often the last oppor-
tunity for K–16 students to learn universally beneficial
skills, such as engaging in evidence-based scientific
reasoning and learning to think scientifically
(Somerville & Bishop, 1997; Tewksbury et al., 2013),
in formal classroom settings. Consequently, there has
been a growing recognition of the need for STEM fac-
ulty to not only conduct research in their disciplines
but also deliver high quality education (NRC, 2012),
particularly in the geosciences (Somerville & Bishop,
1997). To address this need, more geoscience faculty
members than ever before are taking advantage of
professional development opportunities (Manduca
et al., 2017). All types of faculty—education-, research-,
and teaching-focused—are increasingly attending teach-
ing seminars and workshops to enhance their instruc-
tion (Manduca et al., 2017). Encouragingly, many
undergraduate students do experience some SMST
(Forbes et al., 2018; Gunn, Mohtar, & Engel, 2002;
McNeal, Miller, & Herbert, 2008; Williams, Lansey, &
Washburne, 2009), but introductory geoscience courses
do not tend to incorporate SMST; instead, students
receive exposure to SMST in other courses (Macdonald
et al., 2005). SMST skills encourage students to think
about relationships between interacting components
and the ability to demonstrate what those components
and interactions look like (Baumfalk et al., in press;
Bawden et al., 1984; Danish, et al., 2017; Schwarz et al.,
2009; Troy et al., 2015). However, despite these
advancements made in faculty preparation and student
learning, gaps remain in what we know about effective
teaching and learning in undergraduate geoscience
courses. More work is needed to identify the highest
impact strategies for student learning, how to support
faculty to engage in instructional change, and identifi-
cation of institutional features that foster both
(Libarkin & Anderson, 2005; Macdonald et al., 2005,
Zigic & Lemckert, 2007). Results from this study pro-
vide important insights into the current use and
emphasis on one set of related learning processes and
outcomes—–SMST—in postsecondary geoscience
courses that can optimally meet the needs of the STEM
workforce and cultivate scientifically literate citizens.
First, study results provide insight into SMST in
undergraduate geoscience courses. The most fre-
quently used SMST elements are the discussions of a
change with multiple effects in the system, the com-
plexity of scale and interactions, and the description
of a system in terms of parts and relationships. These
three elements are found in over half of the courses
taught by instructors responding to the survey in this
study. This implies that over half of the students in
these courses are being afforded opportunities to
increase their familiarity with the interconnectedness
of systems and the different ways changes are
observed in varying system components. Alternately,
the practices of making systems visible through causal
maps, system exploration using computer-based mod-
els, and the building of predictive models are the least
common in courses. Student learning is enhanced
with the inclusion of multiple types and opportunities
for modeling and systems thinking (Arnold & Wade,
2015; Assaraf & Orion, 2005; Baumfalk et al., in press;
Hmelo-Silver, et al., 2017; Scherer, Holder, & Herbert,
2017; Williams, Lansey, & Washburne, 2009). An
emphasis on SMST in geoscience courses is a critical
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way to cultivate a scientifically literate populous
(Mosher et al., 2014) and respond to calls from gov-
ernment agencies and policy documents (Earth
Science Literacy Initiative, 2010; U.S. Department of
Energy, 2012; U.S. Global Change Research Program,
2009). However, although many argue for the import-
ance of SMST in undergraduate STEM education,
including the geosciences, and disciplinary standards
for geoscience teaching and learning exist, there is less
guidance on targets for the extent to which SMST
should specifically be emphasized in particular discip-
linary contexts. Without clearly articulated bench-
marks for STEM practices, including SMST and
particularly at the undergraduate level, it is difficult
for both educators and researchers to make judgments
about the implementation of SMST in undergraduate
geoscience courses. As such, more work is needed to
provide an empirical basis for both defining objective
outcomes and measuring progress toward SMST-
related goals for undergraduate teaching and learning.
Second, differences were observed in reported SMST
practices between instructors in the geoscience subdisci-
plines. Faculty associated with meteorology, climate sci-
ence, environmental science, and “other” subdisciplines
reported the highest rates of SMST practices, whereas
geology instructors reported the fewest SMST practices.
One interpretation of this finding is that meteorology
and climate science lend themselves more readily to
SMST than do other subdisciplines in the geosciences.
Modeling in these courses is critical because the phe-
nomena under study may be difficult to observe in real
life, necessitating modeling so that the unseen can
become seen. Another possible explanation is the tem-
poral foci of these disciplines. Whereas traditional geol-
ogy is largely concerned with views into Earth’s past,
much of contemporary meteorology, climate science,
and environmental science is concerned with evidence-
based predictions of the future, which involves the use
of big data and complex models. As such, faculty in
various subdisciplines may vary in the ways they are
prepared to teach and in the opportunities afforded to
tenure-track faculty who are new to supporting student
learning about SMST (Libarkin, 2006). However, these
differences in the particulars of SMST inclusion and
practice are not necessarily negative; the added diversity
might be beneficial for student learning. More research
would help illuminate the ways in which particular
SMST practices are implemented in undergraduate geo-
science courses spanning these subdisciplines.
Third, results illustrate how SMST practices are
being emphasized to varying degrees by different
groups of geoscience faculty. Education- and research-
focused faculty both report implementing more SMST
practices than teaching-focused faculty. Conventional
wisdom might suggest that these two groups would
not overlap in their teaching strategies. Surprisingly,
there is a fair amount of relatability between them,
with research faculty reporting using SMST practices
at a similar level as the education-focused faculty
within the geosciences. Despite roadblocks such as
lack of knowledge of professional development oppor-
tunities, the number of faculty in the United States
incorporating SMST is on the rise (Mosher et al.,
2014). Even though research and education faculty
appear distinct, they likely share important similar-
ities. For example, these two groups are likely teaching
similar populations of undergraduate students and
similar types and quantities of courses (Manduca
et al., 2017). Even though some groups within the
geosciences are using SMST and providing students
similar types of student-centered experiences, this is
not the case across all instructors. Not all types of
geoscience faculty reported employing SMST practices
to the same extent. Disaggregating faculty by groups—
teaching faculty, research focused, and education
focused—revealed the clear trend that the teaching-
focused instructors are emphasizing SMST practices
the least. Teaching-focused instructors may avoid
SMST because they teach too many courses, have little
or no access to resources to help them incorporate
SMST practices, and their courses may be more chal-
lenging from an instructional standpoint, so they use
lecture most often as supported by the results.
Fourth, in addition to faculty type, instructional
profiles of respondents also illuminate differences in
reported SMST practices in geoscience classrooms.
The instructors reporting the use of more active learn-
ing strategies in their courses also reported more
SMST practices. Lecture is still used in a number of
classes and is an important teaching strategy.
However, lecture does have drawbacks, including lim-
ited student involvement and opportunities for critical
thinking (Macdonald et al., 2005). Active learning is
integral to incorporate in geoscience classrooms, often
taking the form of SMST, consistent with broader
calls for undergraduate education in STEM (NRC,
2002). SMST practices encompass active learning
components, including group discussions, evaluation
of understanding, and actively engaging the student in
doing the associated activities. The educators report-
ing increased active learning in their classroom are
incorporating best practice strategies. Based on study
results, we would also observe that courses with less
active learning would necessarily exhibit less SMST,
14 D. LALLY ET AL.
resultantly. As recently as the 2012 implementation of
the National Geoscience Faculty Survey, 49% of
instructors were implementing lecture for 80% of
course time (Manduca et al., 2017). The accomplish-
ment of converting time from lecture to SMST and
other student-centered teaching strategies is a worth-
while investment in terms of student participation and
learning (McNeal, Miller, & Herbert, 2008; Mosher,
et al., 2014). Making the shift from lecture to student-
centered instruction is important to meeting the goal
of high-quality teaching and meaningful learning
(Manduca, et al., 2017), including SMST.
Finally, results from the regression model highlight
the predictive capabilities of these variables. Although
variables measured in the survey and discussed here
have the ability to predict nearly 20% of the overall
variability in reported SMST practices in undergradu-
ate geoscience classrooms, this leaves over 80% of the
variability unexplained. The remaining variability may
be related to SMST through factors that were not cap-
tured by the survey. Variables such as perceived stu-
dent benefits, the difficulty of grading SMST
assignments, priorities of individual institutions, and
available instructional technology and support could
all affect the implementation of SMST in undergradu-
ate geoscience courses. Instructors who do not under-
stand the benefits of SMST to student learning might
not include these practices as often in their courses.
SMST assignments can be lengthy and difficult to
grade because of the individualized interpretations
and solutions presented by students. The amount of
time it takes to grade such assessments in large-enroll-
ment courses may be cost prohibitive. Support of
interdisciplinary course components may not be avail-
able within all disciplines. Instructors who do not feel
supported in these efforts may not feel compelled to
include content outside of their area of expertise.
Many of these variables could be influenced by other
processes and components. More research is needed
to explore other factors that may predict how and to
what extend SMST practices are implemented in
undergraduate geoscience courses.
Limitations
Limitations inherent to this study may affect the
unexplained variability found in the type of SMST
practices reported by instructors in geoscience class-
rooms. For example, the GER survey is self-report.
There are no additional interviews or other qualita-
tive data to clarify responses or provide examples. As
a result, conclusions drawn from analysis of survey
data are uncorroborated. Correspondingly, the
response rate for the survey was low. Out of 10, 910
individuals contacted for survey completion, only
2,615 responses meeting required criteria for inclu-
sion were returned. Criteria for inclusion included
being current instructor and submission of a valid
email address. The response rate of 27.3% indicates
that the SMST practices of nearly two-thirds of geo-
science instructors are not included in the data.
Another limitation unrelated to the survey is the
reality that there may be more than nine elements of
SMST. This survey captured data on the nine items
that are known to contribute to SMST, but there
could be others that are missing. This would result
in an incomplete picture of SMST practices in post-
secondary geoscience classrooms.
Implications and conclusion
The emphasis on SMST practices in undergraduate
geoscience courses is important to the overarching
goal of enhancing undergraduate STEM teaching and
learning. Opportunities for SMST are needed to sup-
port undergraduate students’ learning about Earth sys-
tems. However, this type of change does not happen
in a vacuum. Sustained support from administration
and constant evaluation of teaching efforts by individ-
ual faculty are critical to the incorporation of more
SMST practices in the geosciences (Mosher et al.,
2014). When the fewest opportunities are afforded in
the most common courses, such as introductory geol-
ogy, this is a point of concern. This constitutes both
the largest group of students and instructors and the
lowest frequency of reported SMST practices. We must
continue to identify and advocate ways to incorporate
SMST into these high-enrollment introductory courses,
which reach many students and arguably have the
greatest impact on fostering scientific literacy.
Financial and pedagogical support for teaching,
research-focused and education-focused faculty, as
well as graduate students and two-year college faculty
are needed to enable the systemic changes needed in
SMST instruction (Mosher et al., 2014). Different
approaches for different types of instructors is appro-
priate given the resources available to them. Not only
are differences and similarities between instructor type
important to consider, differences between geoscience
subdisciplines also factor into the implementation of
SMST practices. SMST occurs less in traditional,
instructor-centered, lecture-style classrooms than in
student-centered classrooms in which active learning
strategies are employed. As such, more attention is
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needed to developing strategies to address SMST
teaching and learning practices in these types of set-
tings. Providing opportunities to faculty to learn
course-specific SMST strategies would be beneficial
for students and instructors.
There are also relationships between variables
reflecting individual faculty involvement in pedagogy-
focused professional development. As shown in the
study findings, the more involved an instructor is in
an array of professional development activities, the
more SMST he or she reports. This points to the pos-
sibility that the more involvement in and the more
discourse about teaching an instructor has, the more
likely SMST will be incorporated into his or her
classes. Different types of faculty, in terms of both
content area and faculty type, need to work together
to enhance student learning, because each group
brings a different skillset to the classroom (Kastens
et al., 2009; NRC, 2012,). Future research is needed,
including observational studies, to validate and exam-
ine the relationship between teaching-focused profes-
sional development and SMST incorporation.
Regardless of the direct cause, it is beneficial for fac-
ulty to participate in these types of pedagogical activ-
ities (Manduca, et al., 2017; National Research
Council, 2012). Active participation in the overarching
geoscience education discussion, science-based teach-
ing methods, and SMST—a leading component of
geoscience education—will help hasten the pace of
necessary course changes, including content and
teaching approaches.
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Appendix A.
Respondent institution types.
N %
Research/doctoral 1466 59.5%
Master’s 440 17.9%
Baccalaureate 232 9.4%
Associate’s 316 12.8%
Special focus/Other 8 .3%
Total (n) 2462 100.0%
Missing 153
Response rate
Institution type Respondents Total sampled Response rate
Research and/or doctoral 1466 6512 22.5%
Master’s, baccalaureate,
associate, or other
institution types
996 3566 27.9%
Level of education
n %
Master’s 284 11%
Ph.D. 2285 89%
Note: Not all respondents reported this variable.
Disciplinary focus
n %
Oceanography 241 9.3%
Atmospheric science 247 9.5%
Geology/other 2,112 81.2%
Total 2,600 100.0%
Note: Not all respondents reported this variable.
Years in position
Years n %
0–5 436 17.1%
6–10 444 17.4%
11–15 398 15.6%
16–20 374 14.6%
21–25 283 11.1%
26–30 245 9.6%
31–35 178 7%
36–40 123 4.9%
41–45 66 2.6%
Note: Not all respondents reported this variable.
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